objectives Acute respiratory infections (ARIs) disproportionately affect those living in low-and middle-income countries (LMICs). We aimed to determine whether hygiene interventions delivered in childcare, school or domestic settings in LMICs effectively prevent or reduce ARIs.
Introduction
Acute respiratory infections (ARIs) are a serious global public health problem responsible for more than two million deaths a year [1] . Upper respiratory tract infections (URTIs) have an estimated global incidence of 17.2 billion cases annually [2] , while pneumonia causes nearly one million deaths in children aged under 5 years annually [3] . ARI disease burden is highly concentrated in children and disproportionately affects those living in low-and middle-income countries (LMICs) [4, 5] .
Infectious agents causing ARIs can be transmitted via droplets, fomites or direct person-to-person contact, primarily through hands [6] . ARI transmission primarily occurs during normal daily activities [6] , therefore interventions aimed at improving hygiene practices within community settings, where people are together for lengthy periods of time, have the most potential to impact ARI disease burden. Handwashing with water and soap has been described as the most cost-effective health intervention for reducing pneumonia incidence in children [4] . Despite good evidence for the benefits of handwashing, observational studies indicate that handwashing is poorly practiced globally, and lower rates of handwashing are observed in LMICs compared to highincome countries [7] . Hygiene interventions that aim to improve hygiene practices in LMICs have the potential to reduce the global burden of ARIs.
Previous meta-analyses, primarily based on studies performed in high-income settings, have estimated that community-based hygiene interventions may reduce ARI transmission by 16%-21% [8, 9] . However, because hygiene behaviour is influenced by socioeconomic factors such as wealth, education and access to water, these estimates, derived from studies performed in various locations (often with unlimited water access), may not be directly applicable to LMIC settings [10] . Additionally, the potential impact of hygiene and water quantity interventions in LMIC settings is greater due to higher ARI rates. While previous systematic reviews have included LMIC studies [9, [11] [12] [13] [14] [15] [16] [17] [18] , their scope has been limited to specific groups, intervention components or infectious agents, and none have specifically examined the impact of hygiene interventions on ARIs across childcare, school and domestic settings in LMICs.
In this systematic review, we aimed to determine whether hygiene interventions delivered in childcare, school and domestic settings in LMICs are effective in preventing or reducing ARIs.
Methods

Search strategy and selection criteria
We registered our systematic review with PROSPERO (CRD42017058239) [19] before screening commenced and completed it in line with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [20] . We included studies meeting the following inclusion criteria: trial presented primary data on interventions in community settings designed to promote or enable hygiene practices, compared to standard practice or hygiene education alone; trial was conducted in a LMIC according to World Bank data on gross domestic product (GDP); [21] trial reported health outcomes related to ARI morbidity; measure of effect between the intervention and ARI or the means to calculate one was reported; and trial was a randomised controlled trial (RCT) either individually allocated or assigned by cluster. Crossover and stepped-wedge trials were included if treatment allocation was randomised. We excluded non-randomised, observational studies and non-human animal studies; studies conducted in hospitals or other healthcare settings; studies conducted in the context of outbreaks; and studies with interventions that incorporated vaccines or pharmacological agents.
The primary outcome of interest was ARI (including influenza-like illness [ILI]) morbidity assessed through self-report, caregiver report or clinical confirmation. We defined ARI as the presence of one or more symptoms or signs of respiratory infection including cough, difficulty breathing, sore throat, rhinorrhoea, fever or age-specific raised respiratory rate. Secondary outcomes of interest were ARI-related absenteeism, ARI-related deaths and laboratory-confirmed infection. Interventions of interest included educational interventions (hygiene education and/or the promotion of specific hygiene behaviours such as handwashing or bathing) and infrastructure interventions (the provision of handwashing facilities, soap or hand sanitiser (HS), or increased volumes of water for hygiene purposes). We included trials that provided hygiene interventions as part of a broader package of interventions if they undertook analyses on the effects of hygiene interventions on ARIs.
We searched Ovid MEDLINE, EMBASE, the Cochrane Central Register of Controlled Trials (CENTRAL) and Scopus from inception until 17 October 2017. Keyword and MeSH search terms included 'handwashing', 'hygiene', 'water supply', 'respiratory tract infections', 'Developing Countries' and 'randomised controlled trial'. Detailed search strategies are outlined in Appendix S1-S5. Reference lists of included publications were handsearched; grey literature and trial registries were excluded. SLM and SFB independently screened all titles and abstracts against inclusion criteria in Covidence [22] to determine eligibility for full-text review and then assessed full-text articles meeting inclusion criteria. Discrepancies were discussed to reach a consensus, with the aid of ACC where necessary. SLM and SFB independently extracted data using a pre-piloted data extraction form; data extracted included trial location, number of clusters, number of participants, average cluster size, unit of randomisation, nature of the intervention, outcome measures and adjustments made for clustering. Extracted data were crosschecked, and trial authors contacted if missing data were identified, although no additional data were provided. SLM and SFB assessed risk of bias (ROB) of included studies using the revised Cochrane ROB tool for randomised trials (RoB 2.0) additional considerations for cluster-randomised trials [23] . Conformity to reporting guidance was assessed according to the CONSORT 2010 statement extension to cluster-randomised trials [24] .
Data analysis
We categorised trials into childcare, school and domestic settings, and used the Grading of Recommendations Assessment, Development and Evaluation (GRADE) approach to assess the quality of evidence and interpret our findings. To enable comparisons, we presented measures of effect for each outcome as an incidence rate ratio (IRR), risk ratio (RR) or prevalence ratio (PR) with 95% confidence intervals. Where studies reported a measure of effect with appropriate adjustment for clustering, we presented this as an IRR, RR or PR as appropriate. For studies that did not adjust for clustering, or did not report a measure of effect with 95% confidence intervals, SLM and ABF used the data provided, together with an approximate adjustment for clustering by multiplying the standard error for each trial by the square root of the design effect (Data S1-S5), to independently calculate a measure of effect with 95% confidence intervals. If the incidence of illness and person time at risk was available, we calculated an IRR; if the incidence of illness and number of participants was available we calculated a RR; and if the prevalence of illness and number of participants was available we calculated a PR. As no reported intracluster correlation coefficient (ICC) was available from trials that did not account for clustering, we used an estimated design effect of 1.5, which was considered plausible based on assumptions made in the sample size calculations of some included studies. As the intervention components and methods of outcome measurement were too variable to make meta-analysis meaningful, we tabulated the results and provided a descriptive analysis and narrative synthesis.
Role of the funding source
The funding source did not have any involvement in data collection, data analysis or data interpretation. SLM had full access to all data in the trial and had final responsibility for the decision to submit for publication.
Results
We identified 963 unique records, excluded 904 studies on title and abstract screening, undertook full-text review of 60 records and identified 14 studies fulfilling eligibility criteria ( Figure 1 ). All included studies were cluster RCTs; 13 with a parallel group design and one [25] a 2 9 2 factorial design. Three studies were based in childcare centres, four in schools and seven in domestic settings (Table 1 ). All studies evaluated hand-hygiene education and/or infrastructure interventions; one also encouraged bathing with soap and water [26] . Primary trial outcomes included ARI morbidity [27] [28] [29] [30] [31] , diarrhoea and ARI morbidity [26, [32] [33] [34] [35] [36] , illness absence [37] , stunting [25] and hand-cleaning behaviour [38] . All studies measured ARI outcomes in children, but only three [28, 29, 35] measured ARI outcomes in adults. Studies were conducted in rural and urban settings across nine middle-income countries; no studies from lowincome countries were identified. Mean trial duration was 10 months. Considerable variability was seen in cluster size and number across the studies.
Childcare-based studies were based in urban areas in Asia [27, 32] and South America [33] . All evaluated an alcohol-based HS intervention, with HS application directly observed [27] , or product consumption quantified [32, 33] . One trial [32] also provided liquid soap and surface disinfection products for childcare and home use. Education involved teacher training in hand hygiene; this was extended to parents in one trial [32] , but not to children. School-based studies were conducted in rural and urban settings in Asia [37] and Africa [31, 36, 38] . All provided hand-hygiene education, and three provided infrastructure components (soap at school sinks [37] or handwashing stations with soap and water or alcoholbased HS [36, 38] ). Education was targeted at students and delivered by teachers using promotional materials (e.g. songs, posters, games and activities); additional strategies to enforce hand-hygiene practices (peer handwashing champions [37] or teacher supervision [31] ) were employed in two studies. One trial [36] reported higher rates of correctly demonstrated handwashing technique in intervention vs. control students at one year (46% vs. 14%) [36] , and another reported higher observed hand-cleaning rates after toileting in sanitiser interventions schools (82%) compared to soap intervention (38%) and control schools (37%), although this was dependent on water access [38] . Domestic studies were conducted in rural or urban areas in Asia [25, 26, 28, 29, 35] , Africa [30] and South America [34] . One trial evaluated an education-only intervention; [34] the remaining six evaluated combined hygiene education and infrastructure interventions. Infrastructure components included soap [26, 28, 29, 35] , antimicrobial hand towels [30] or benzalkonium chloride-based HS; [25] three studies quantified soap consumption [26, 28, 35] . Two studies reported higher self-reported handwashing rates in intervention vs. control households [29, 34] , but structured observation periods found substantially lower rates of handwashing than indicated by self-reports [34] .
A summary of findings is presented in Table 2 . Briefly, two childcare-based studies [32, 33] provided low-quality evidence for a reduction in ARI incidence due to hand-hygiene interventions, with the greatest risk reduction seen in a trial that also provided HS and other antibacterial products for home use [32] . Moderate-quality evidence for a reduction in ILI-related absenteeism due to a HS intervention was reported in one childcarebased trial [27] , but benefit was only seen where HS was applied every 60 min. Overall, there was low-quality evidence of no effect on ARI illness rates due to handhygiene interventions across four cluster-randomised studies in school children [31, [36] [37] [38] , but there was high-quality evidence of a reduction in ARI-related absenteeism [31, 37] and moderate-quality evidence of a reduction in rates of laboratory-confirmed influenza [31] . Two studies in urban settlements provided high-quality evidence of reduced carer-reported symptoms of ARI illness [26, 35] and pneumonia [26] in children from interventions providing HH education and soap. Reductions in ARI illness were also seen in whole families [35] . This is in contrast to three studies performed in rural domestic settings which reported no such reduction in carerreported ARI illness following implementation of a hygiene education (with or without infrastructure) intervention [25, 30, 34] . Two studies that examined the effect of hand-hygiene interventions on the prevention of secondary household influenza transmission provided moderate-quality evidence of no protective effect [28, 29] .
Risk of bias is summarised in Figure 2 . Only seven studies described an appropriate method of random sequence generation [25, 26, 30, 31, 33, 35, 37] . Sociodemographic characteristics at baseline were comparable between the intervention and control groups for all studies. Most studies recruited participants prior to randomisation, but two studies [25, 38] were at high risk of recruitment bias as recruitment occurred after randomisation and recruiters were aware of allocations. Large losses to follow-up (including loss of an entire cluster) were reported in one trial [36] , resulting in considerable potential for bias due to missing outcome data. One laboratory-confirmed influenza outcome, where swabs were performed on all household contacts of an index case regardless of symptoms was judged at low ROB; we had Evidence of no effect p ⊕⊕⊕s ARI, acute respiratory infection; CI, confidence interval; EDM, estimated difference in medians; HR, hazard ratio; ILI, influenza-like illness; INT1, intervention group 1; INT2, intervention group 2; OR, odds ratio; ppd, per person day; pw, person weeks; RD, rate difference; RRR, relative risk reduction; SAR, secondary attack risk; SE, standard error; URTI, upper respiratory tract infection.
a Incidence rate ratio (IRR), risk ratio (RR) or prevalence ratio (PR) with 95% confidence intervals are presented in this column. If none of these effect measures were reported but raw figures were provided, the most appropriate relative effect ratio was calculated along with 95% confidence intervals according to formulae in the Data S1-S5. Calculated relative effect ratios are denoted by italics. c Outcome rated 'low quality' due to inconsistency of results (no overlap in confidence intervals) and serious risk of bias (ROB) due to insufficient number of clusters in one trial [32] . h Outcome rated 'low quality' due to borderline imprecision (wide confidence intervals), inconsistency (variation in point estimates and minimal or no overlap of confidence intervals) and serious ROB in one trial due to an insufficient number of clusters and recruitment occurring after randomisation (Pickering) .
i Data provided in study are insufficient to calculate 95% CIs. j Outcome rated 'high quality' due to large magnitude of effect and no substantial limitations (some ROB due to the possibility of incomplete ascertainment of outcome but not sufficient to downgrade recommendation).
k Outcome rated 'moderate quality' due to serious ROB associated with low rates of influenza testing which may have been differential across intervention and control groups (only 33% and 47% of ILIs in the control and intervention groups respectively were tested for influenza). Outcome rated 'high quality' due to large magnitude of effect and no substantial limitations.
n Outcome rated 'low quality' due to imprecision (wide confidence intervals) and serious ROB as randomisation preceded recruitment in all three trials, and in one trial, [25] almost 50% of the trial population were not approached for recruitment (probable selection bias). Note that the number of participants is not presented for this outcome as one of the trials [34] reported the number of households rather than the number of participants enrolled.
o Outcome rated 'moderate quality' due to imprecision (wide confidence intervals).
p Outcome rated 'moderate quality' due to imprecision (wide confidence intervals). GRADE working group grades of evidence: High quality: We are very confident that the true effect lies close to that of the estimate of the effect. Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different. Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect. Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of the effect.
some concerns regarding the other laboratory-confirmed influenza outcomes where testing was based on reported symptoms [28, 31] , or parental reporting of physicianconfirmed ILI causing childcare absenteeism [27] . The remaining outcomes were based on participant-, carer-or teacher-reported symptoms and were considered to be at high ROB. Conformity to select reporting and trial conduct items in the CONSORT extension for cluster trials is reported in the Data S1-S5. While twelve studies described an appropriate method to account for clustering in their analysis, six [25, 29-31, 36, 37] did not present 95% confidence intervals for their effect estimates. Of the remaining studies, one adjusted for clustering effects at the individual but not the childcare centre level [33] and the other [32] did not report adjustment for clustering.
Three studies received funding from hygiene product manufacturers and included company employees as study authors [26, 35, 37] , and four used products donated by manufacturers [25, 30, 33, 38] . Six studies were funded by government or not for profit organisations and did not report receiving industry support; [27-29, 31, 34, 36] the funding source was not stated for one trial [32] .
Discussion
We identified 14 cluster RCTs from LMICs with considerable heterogeneity in setting, size, intervention delivery and duration. We found a reduction in childhood pneumonia and symptoms of ARI illness related to hygiene interventions in urban domestic settings (high-quality evidence), in ARI-related absenteeism and laboratory-confirmed influenza in school settings (moderate-to highquality evidence), and in ARI illness and ILI-related absenteeism in childcare settings (low-to moderate-quality evidence). However, we found no reduction in ARI illness symptoms from hygiene interventions in school settings or rural domestic settings (low-quality evidence), and no effect on secondary transmission of influenza in households with an index case (moderate-quality evidence).
Most hygiene interventions included education and infrastructure components; educational programs varied markedly in content, duration, intensity and target audience. The strongest evidence for a reduction in ARI morbidity was seen in two studies providing hygiene education and soap to urban households in Karachi [26] and Mumbai; [35] both studies reinforced educational messages through regular group training sessions and household visits over a 10-12 month period. No difference in ARI morbidity was detected between antibacterial and plain soap intervention arms [26] , suggesting that the physical removal of pathogens from skin with soap and water, rather than the antibacterial activity of triclocarban, was the key factor in preventing respiratory infections [6] .
Three childcare-based studies reported a reduction in ARI morbidity due to alcohol-based HS interventions, but this was not replicated in studies of HS interventions in school [38] or domestic [25] settings. While the convenience and acceptability of alcohol-based HS, particularly in water-scarce settings, was highlighted [33, 38] , further studies are needed to assess the affordability and sustainability of HS interventions in LMICs.
Findings from the qualitative literature suggest that hygiene habits are learnt at an early age, and that key motivations for handwashing include disgust (of contamination on hands) and established social norms [39] . Obstacles to the development of appropriate hygiene behaviours include environmental conditions (e.g. lack of water, sanitation and drainage), availability of infrastructure and cultural norms [39] . In our review, all studies reporting a reduction in ARI morbidity were conducted over a period of at least 2 months. Investigators of two studies [26, 33] observed that ARI morbidity did not decrease immediately, but fell several months after intervention introduction, suggesting that participants need time to learn and adopt new hygiene behaviours before ARI transmission can be interrupted. This may explain why the two shortest studies [35, 36] (both ≤21 days) reported no reduction in secondary influenza transmission in households receiving hygiene interventions. Because intervention compliance was inconsistently assessed across studies and uncommonly involved direct observation of behaviour, it is unclear whether negative findings are due to ineffective interventions or poor compliance. While direct observations of hygiene behaviour are resource-intensive and potentially subject to the 'Hawthorne effect', they can provide valuable insight into participant behaviour and intervention compliance. Low rates of observed handwashing with soap (16% of relevant events) may explain the negative result of one trial that examined ARI illness rates in young children at baseline and 3 years after implementation of a large-scale community intervention [34] . These findings highlight the need for future studies to incorporate hand-hygiene compliance measures, qualitative components to provide insight about behaviour and longer-term follow-up to determine the sustainability of behaviour changes and health benefits. All included studies were cluster RCTs, a largely pragmatic design that utilises existing social and educational structures to evaluate interventions in real-world settings. While this design is appropriate for the ARI context given disease clustering via airborne, droplet and contact transmission in shared living and learning spaces, its adoption requires specific methodological considerations in design, conduct, analysis and interpretation [24] . We found variable methodological reporting quality in the included studies. Incomplete reporting of randomisation procedures, intracluster correlation, outcome definitions, participant attrition and confidence intervals of effect estimates eroded methodological quality. To provide an indicative estimate of statistical uncertainty, we calculated the missing confidence intervals using a plausible design effect based on sample size calculations used by the trial authors; however, caution should be exercised in the interpretation of these estimates. Future studies utilising a cluster RCT design should follow reporting guidelines [24] and ensure that analyses account for clustering effects.
Our systematic literature search identified all LMICbased studies from previous similar reviews along with several newer studies not found in any of these reviews. Synthesis of evidence was challenging due to considerable heterogeneity in intervention components and outcome definitions; therefore, we did not pool outcomes but instead reviewed the quality of evidence of each outcome according to GRADE criteria. Most studies utilised symptom-based outcomes that were not clinically confirmed, which may have led to illness misclassification, and passive data collection methods may have resulted in underreporting. Furthermore, many studies included diarrhoea as a primary outcome or only included ARI morbidity as a secondary outcome; this may have affected the design of the hand-hygiene intervention and contributed to trial heterogeneity. This highlights the need for future studies to develop and utilise more consistent and objective outcomes such as clinical-or laboratory-confirmed infection and design hygiene interventions with the prevention of ARIs in mind.
ARIs remain an important problem globally, particularly in LMICs. While there is some evidence to suggest that hygiene interventions delivered in childcare, school and domestic settings in LMICs can reduce ARI morbidity; effectiveness varies according to setting, intervention target and compliance. This review highlights the limitations in the existing evidence and emphasises the need for further studies with improved methodological rigour and more standardised outcome reporting to enable greater comparability across trials and assist policymakers in identifying optimal hygiene interventions for LMICs.
